In a previous publication (1), we outlined a vital dye method for the quantitative study of phagosome-lysosome (P-L) fusion in intact cells, validated the technique by electron microscopic analysis, and described certain basic regulatory processes of P-L fusion in cultivated mouse macrophages. This report deals with factors that alter the normal pattern of P-L fusion. For this purpose, we have modified various structures and functions of the macrophage and examined the effects on the rate and extent of P-L fusion. Modification of the macrophage plasma membrane or the surface of the ingested particle did not alter P-L fusion. Fusion was also independent of drugs that affect the cytoskeleton. In vivo activation of macrophages dramatically increased both the rate and extent of P-L fusion.
* Vibrio cholera neuraminidase was from Calbiochem-Behring Corp., American Hoechst Corp., San Diego, Calif., threetimes-crystallized trypsin was from Worthington Biochemical Corp., Freehold, N. J., and pronase and chymotrypsin were from Sigma Chemical Co. EM, electron microscope.
with phosphate-buffered saline (PBS) and could be stored at -20°C in 50% glyceroI-PBS for months without a noticeable change in binding activity. Small samples of beads were assayed for labeled Con A by liquid scintillation counting in Aquasol. Under the above conditions, ~20% of the added Con A was adsorbed to the beads when CMC was not added. This adsorbed Con A could be removed by washing the beads once in 0.3 M NaCI, 10 mM Tris, pH 8.6, plus 0.1% sodium dodecyl sulphate and 0.05% Nonidet P-40. After washing, beads treated with CMC bound 17.6% of the added label or 880 #g Con A per 150 #1 of original latex stock. When CMC was not added, 0.07% remained bound after washing.
Con A-coupled beads showed binding activity by their ability to agglutinate yeast into very large mixed aggregates.
Preparation of Anti-Yeast Antibodies. New Zealand white rabbits were injected in the marginal ear vein two to three times weekly for 5 wk with a suspension of whole Saccharomyces cerivisiae that had been autoclaved and processed as previously described (1). Each injection was 1 ml, .
•
and contained progressively mcreasmg doses of yeast: from 2 × 10 to 5 × 10 cells/ml of 0.9% NaC1. 1 wk after the last injection, heat-inactivated sera gave a tube agglutination titer of 1: 1,024, and this sera was used to opsonize yeast particles.
Results
Several intracellular parasites (5) and the plant lectin Con A (6) inhibit the fusion of endocytic vacuoles with lysosomes. These agents present on the luminal surface of the vacuole presumably influence the cytosolic face, inhibiting fusion by an as yet unknown mechanism. We have therefore evaluated several classes of cell surface perturbants for their ability to modify the intracellular fate of plasma membranederived phagos0mes.
Enzymatic Modification of the Cell Surface. 3-d macrophage cultures were treated with a variety of proteolytic enzymes or with neuraminidase under conditions that are known to degrade protease-sensitive, exteriorly disposed polypeptides and receptors (7). The pretreated cells showed excellent cell viability and phagocytic indices. As shown in Table I , P-L fusion was in all cases similar to that seen in untreatedcultures.
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"~ 6O Particle Opsonization. Fusion inhibition caused by several intracellular parasites can be reversed by coating the parasite with specific immune serum (5). We tested whether the rate of lysosomal fusion with yeast-containing vacuoles could be increased by opsonization with immune serum. Yeast was coated for 30 min at 37°C with either heat-inactivated, whole anti-yeast antiserum (Materials and Methods) or normal mouse serum, washed, and sonicated to break up clumps. As shown in Table I , 1-d cultures showed the usual slow fusion rate (1) after ingesting either particle preparation.
Con A--Soluble or Particle bound. Con A has been previously shown to inhibit pinosome-lysosome fusion in macrophages when added to the culture medium or prebound to the cell surface in the cold (6). The effect of Con A on P-L fusion was evaluated using latex beads covalently coupled to Con A or unmodified latex given to Con A-treated cells. Fusion was evaluated by electron microscopy, using HRP as a lysosomal marker and was in both cases similar to controls (Table I) .
Drugs That Affect the Cytoskeleton. Various elements of the cytoskeleton are thought to be involved in the movement or anchoring of vesicles in the cytoplasm and thus could control the rate of fusion of these organelles. Drugs that affect the cytoskeleton were used to evaluate this involvement. Fig. 1 A shows that pretreatment with colchicine has no effect on P-L fusion. AO-stained lysosomes in colchicine-treated cells were dispersed in the peripheral cytoplasm instead of being concentrated in the perinuclear region. This alteration of organelle polarization is a characteristic of microtubule depolymerization (8) .
Because cytochalasin treatment blocks phagocytosis (9), AO-labeled cells were treated with cytochalasin B 10 min after the start of particle ingestion but before In Vivo Macrophage Activation. Activated macrophages have altered size, spreading, endocytic, microbicidal, and secretory properties (10) . There is also evidence that the state of activation differs between macrophages involved in a nonspecific inflammation and those activated by sensitized lymphocytes or lymphokines. P-L fusion was assayed in several types of in vivo activated populations (Fig. 2) and was found to be considerably elevated compared with the low levels seen in resident cells soon after plating. The most striking increases were seen in microbicidal cells from T. gondii-or T. cruzi-infected and challenged mice. A smaller increase was observed in inflammatory cells elicited by proteose-peptone, a nonspecific irritant.
Discussion
Because the phagocytic vacuole is derived from the plasma membrane, it was postulated that some modification of this structure might result in organelles that would exhibit reduced fusion with lysosomes. Neither enzymatic digestion nor cell surface cross-linking by the lectin Con A had any influence on P-L fusion. Furthermore, opsonization with immune serum or Con A coating of the phagocytic particle itself did not modify P-L fusion. The presumed trans-plasma membrane inhibition of fusion caused by live parasites (5) or by Con A in pinocytic vesicles (6) is thus far without counterpart in this system. The striking difference in the effect of Con A on the fusability of pinocytic and phagocytic vacuoles is another example of the distinction between these forms of endocytosis (11) . Pinocytosis is a constitutive cell process in which extracellular fluid and any plasma membrane-adsorbed ligands are interiorized. It is linear with temperature from 2 to 37oC, has an energy of activation of 18-25 kcal/mol (11, 12) , and is little affected by cytoskeletal drugs (11) . In contrast, phagocytosis is induced by the interaction of large particulates with the plasma membrane and results in their uptake while excluding most extracellular fluid. It is inhibited by cytochalasin and temperatures below 18-21 °C and has an energy of activation of 54 kcal/mol (12) . In terms of their fusion with lysosomes, both phagocytic vacuoles (1) and pinocytic vacuoles (13) appear not to fuse at temperatures below -20°C, whereas only pinosomelysosome fusion is inhibited by Con A.
Role of the Cytoskeleton in Vesicle Fusion. Macrophage microtubules have been postulated to control non-Brownian saltatory movements of organelles (8) and thus could influence vesicle contact and fusion. 2 h of pretreatment of macrophages with 10 -6 M colchicine has been shown to abolish identifiable microtubules in electron microscopic samples of treated macrophages (14) . Our detailed studies of P-L fusion show that its rate and extent are not affected by 10-5-10 -4 M colchicine. Thus, like Bhisey and Freed (8) and Pesanti and Axline (14), we conclude that microtubules do not seem necessary to direct P-L fusion. During phagocytosis, a filamentous network enriched in actin, myosin, and actinbinding protein (11) assembles beneath the plasma membrane at the site of ingestion, excluding lysosomes and other organdies (15) . Treatment of macrophages with cytochalasins B and D was used to evaluate the role of this network in the control of P-L fusion rate. Within 10 min after the addition of 1 × 10 -s M cytochalasin B, organized microfilaments in macrophages are disrupted and phagocytosis is inhibited (9) . In vitro, this compound prevents the gelling of actin by actin-binding protein (16, 17) . Within the time limits of our experimental system, these drugs did not affect P-L fusion, implying that the actomyosin system does not control fusion in any ratelimiting way.
P-L Fusion in Activated Macrophages. Parasites such as live T. gondii are known to inhibit P-L fusion in resident but not activated macrophages (5) . This report demonstrates that the rate and extent of P-L fusion are greatly increased in activated cells when an inert particle such as killed yeast is considered. The increase in fusion correlates with the activation state of the macrophages, being highest in microbicidal cells and somewhat less in inflammatory ceils. Inflammatory cells show increased size and spreading, stimulation of glucose oxidation and oxygen consumption, alterations of plasma membrane ectoenzyme levels, increased endocytic activity, and enhanced secretion of neutral proteases. Microbicidal cells express these properties and, in addition, display enhanced production of H202 and increased tumor cell and parasite killing (10) . Enhanced P-L fusion is another trait of activated cells acquired during exposure to the humoral and cellular effectors of the activation process. It may be a consequence of the aforementioned metabolic and membrane alterations in these cells. Summary A previously described fluorescence assay has been used to characterize factors that modulate phagosome-lysosome (P-L) fusion in mouse macrophages. Fusion was not affected by enzyrriatic modification or by concanavalin A cross-linking of the plasma membrane or by coating the phagocytic particle with concanavalin A or immune serum. Pretreatment of cells with 10-~-10 -4 M colchicine, or treatment immediately after ingestion with 1-10 btg/ml cytochalasin did not alter P-L fusion; implying that the cytoskeleton does not control fusion in a rate-limiting way. Fusion was strikingly elevated in 5-h cultures of activated macrophages from immune-boosted mice. A lower enhancement was seen in cells activated by proteose-peptone, a nonspecific inflammatory agent.
